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Abstract Trtle 

Non-magnetic corrosion resistant high strength steels 
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Non-Magnetic Corrosion Resistant 
High Strength Steels 



Th,s mvention relates to non-magnetic corrosion resistant high 
strength steels. More especially, but not exclusively, the invention relates 
to stee.s suitable for use as non-magnetic components in directional drilling 
of oil and gas wells. 

When deep well drilling, long tubu | ar dnl , col|ars are |oca(ed n ^ 
tower ends of dri» strings to provide weigh, and rigidity. Lengths of these 
collars are typically between 1 and ,0 metres and their diameters are 
tvpicaHy between 8.75 and 32.5cm. Each such collar includes a centra, 
axial hole of diameter typically between 5 . 75 to , 2 „ cm ^ ^ 
dnll.ng fluid to pass down the string to the well base. This fluid 
subsequent!* returns to the surface outside the drill collar and string 
Threaded ends allow the collers to be secured ,o one another and to other 
components of the string. Dimensional and mechanical property 
requirements are laid down in API 7 Section 6. 

It is often desirable «o include instruments near the bottom of the drill 
stnng ,o enable .he angle and direction of drilling to be measured accurately 
The proximity o, a large ferromagnetic mass is such instruments is clearly 
undesirable. When instruments are to be employed, low „,oy steels 
conventionally used for the manufacture of drill collars have been replaced 
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with steels having to* magnetic permeabUity. Precipitation hardened nicked 
ter alloys and special aus.enitic stainless steels have been used 

ZZ V 0.2% Proof strength in excess o, 100 k,i (690 mPa„ cannot be 
! ev with a nickel copper alloy or with standard chromium nickel 

lengthened by cold straining.- the degree o. deformation reared ,s 
^Lve. especialiy in the large sections involved. Moreover . « 
Lndard nickel chrontiun, steels have austenitic structures o. I, m ,ted s,ab,„w 

and can have their magnetic permeability increased by deformation 

Consequent a series o. special stee, grades was 

specialised application, these having analyses typified by steels A and B 



below: 
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,n these steels, yield strength is increased by the presence of 
re ,a,ively high nitrogen contents. This presence also increases strain - 
fining L as does the reduction in nickel content. The re,a„ve,y h,gh 
anese levels are necessary to retain the high nittogen contents du n 
normal melting, casting and solidification at atmosphenc pressure. 
t0 improve the stability of the austenitic structure. A low carbon content ,s 
njessary to limit the formation o, chromium rich carbides dunng 
pressing, .he presence o, such carbides can adversely reduce resistance 
o corrosion. Even with these special steels, some stra.n 
necessary ,0 generate the required strength. This can. however, be r a „y 
evedevenin,he,argestsec ti ons.byde,or m ationattem P er a t U resbe,ow 
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that which produces euto-recrystallisation. 



S,aa,s A and 8 therefore provided the retired yield strength, ho. 
at the expense of other desired properties. 

Of the desired properties, low magnetic permeability is paramount 
n the a oying balance ^ ^ ^ ^ P~ 

do t fernte and wii, no, he destabiiised by deformation. A number Z 
medtods have been proposed by which the structure of a s,ee may be 

:r: ; — — ~ g ::z : 

nto those wh,ch ac, simiiariy ,o chromium and those similariy to nickel 
Each was allocated an eguiva.nca factor and by means of the e L o«i 

these two values on a diagram is reported to show structure includino 
some mdication o, the proportions o, phases in a multi-phase I 
digrams are used with some success within certain composidon rangeslu 
ave proved less successtu, elsewhere. One obvious inaccuracy is he 
me e qu ,va,ence values are used whether austenita-ferrite bound ' s 0 
-,en,te martensite boundaries are being predicted, which cannot bl the 

,s o„,e« ga„ ing may be ^ a$ ^ J ^ • 

between components after use ThAH a ™* J 

surfaces fnroH *• 9 * CaUSed ° n thread and Mulder 

surfaces (production of cavities and metal build ,,„> 

so POn6n,S ^ Sh ° rtened - AuSteni ' ic "-less steeis ar 

especally prone to gelling and. aithough compositions A and B are 



• , his resoec, to more conventional 300 series stainless steels, improved 
;r;re;::nl: W esre, U ire< 1 w h ,Meri,o th eaeve 1 o P men t o f oompos,,,on 

C. This composition is now widely used. 

A further service hazard is ,ha, o. corrosion. Drilling fluids used are 

can cause ^ nnn * he a corrosion product, and the 

r>o„tr a l so that hydrogen evaluat!on cannot be a corros.u w 

Educing the hydroxy! ion. Thus ,ha availability of dissolved oxygen w 
producing hecause the source of oxygen is the 

control the rate o,cor,os,onposs,b , . be- se ^ 

atmosphere, dissolved oxygen of the fluid win o 

ZLs and procedures. „ is usua.fy low enough for there to be few 

IbZ with low a„oy stae, components. With these, any corrosron ,s 

general charges in dimension are small and tolerable. 

Corrosion of stainless steels in more Valine so.ut.ons does not 
occur because of the presence of a stable oxide .Urn on the surface (the 

«M In the presence of certain dissolved salts, and notably 
passive Mm). In the pre ^ rf 

rhiorides and bromides, this film can Tan y 

W A hough total corrosion rate is slower then for a low alloy stee, ,n 
t lam! environment, the local penetration can be more rapid, such - 

wi n the confines of the crevice. Oxygen is necessary for such cortco 
; itiate and propagate and ptobability Is mora 1,0, with higher con, 
of chloride and/or bromide and oxygen. Probability ,s also greater a, he.gh 
I statures es can apply downhole. Thus some corrosion is possfcle w,,h 
Z on-magnetic steeis depending upon service conditions u, w,,h collar, 
s has tally been o, conscience, the pits being o, l,m,ted s,te and 



5 

occurring in large sections. 



Localised corrosion can be of more consequence in the non- 
magnetic steel casings used to contain the sophisticated electronic 
measuring devices used when drilling. The internal geometry within these 
devices can be complex and involve functional crevices and also changes in 
section, which can retain deposits, producing crevices. In these elaborate 
devices, localised corrosion is less tolerable than for the relatively simple 
collars. Furthermore, there can be a mixture of metals in electronic contact 
which can exacerbate conditions by galvanic effects. Thus there is need for 
a steel of enhanced resistance to localised corrosion which exhibits the other 
desired properties mentioned previously, these being high strength, low 
magnetic permeability, structural stability and anti galling properties. 

None of the previously discussed steels provide all these desired 
properties. 



The invention sets out to provide such a steel which does have all 
of these desired properties. 

According to the present invention in one aspect, there is provided a non- 
magnetic corrosion resistant high strength steel whose composition by 
weight % includes:- 



Carbon, up to 0.05% 

Silicon, up to ^ O o /o 

Manganese, f ro m 10.0 to 20.0% 

Chromium, f rom 13.5 t0 13.0% 

Nicke1 ' from 1.0 to 4.0% 

Molybdenum, f rom 1.5 to 3 5 o /o 

Nitr °9 en < from 0.2 to 0.4% 



In another aspect, the invention provides a non-magnetic corrosion 
and galling resistant high strength steels whose composition by weight 
includes 

Carbon *> 0 2% 

Silicon up to 1.0% 

Manganese from 10.0 to 20.0% 

Chromium from 13.5 to 18.0% 

Nickel from 1-0 to 7.0% 

Molybdenum from 1 .5 to 4.0%; and 

Nitrogen from 0.2 to 0.4%, 

the composition satisfying the formulae:- 

(i) m;^pI eq uivalence >1.51 
Chromium equivalence minus 1 4 

and 

(ii) Nickel equivalence + chromium equivalence >35 

A preferred composition by weight % of steels in accordance with 
the invention is carbon up to 0.55%, silicon up to 1%, manganese 12 to 
1 6%. chromium 14 to 1 6%, nickel 1 .0 to 5%, molybdenum 1 .7 to 3.0% 
and nitrogen. 0.2 to 0.40%, balance iron and incidental impurities. 

A further more limited composition by weight % is carbon up to 
0.035%, silicon up to 0.5%, manganese 13 to 15.0%, chromium 15 to 
1 6%, nickel 2.0 to 2.75%, molybdenum 2.0 to 2.5% and nitrogen 0.30 to 
0.40%, balance iron and incidental impurities. 

Preferably, the balance of the composition conforms with the 

following equation:- 

Ni eq uivalence > 1-51 

Cr equivalence - 14 



when Cr equivalence = %r r + i c 0/ c - . 
and /oQ - r + h5% s < + %Mo + 0.12% Mn 

Ni equivalence = w M . . „ 

% Ni + 30%C + 20% N 



Cr equivalence = Cr + 1 5<>/ n e: . 0 / 

w f i.o/o Si + % Mo + 0.12% Mn 

and 

Ni equivalence = %Ni + 30% C + 20% N 
and 

Ni equivalence + Cr equivalence > 35. 
where Cr equivalence = % C r + 1. 5 % Si + o /oMo; and 
6qUiVa,enCe = % Ni + 0-5% Mn + 30% C + 30% N. 

In another aspect, the invention provides a non ma 
for use h directiona , dri|(jng pfod ; ced - 

«"« °' ~*~»n as specified in 

~ 9 '° ur ^ « mPonent may be . dri „ j,: ne - 

I. is we,, known than ,„ essential component of a stainless is 

o r::rT 1 r bv ^ in so,w — -» — * * - 

ha, de si ' ,VPe °' in «— - » dissoived 

Ha„de sa„s,, ,ncreas,ng the content of chrontium ebove this vaiue 

Ptogressivcv improves resistance to cortosion initiation and i^a e 

zrr A number ° f ° ther « *. n 

otr ;::::\r f b,vmo,ybdenum - ——0^1: 

■uwever, promote the formation of maonetir < ■ 



8 



„ carbides can be de.ete,ious «o corrosion resistance. Nickel has a 
d e.etenous effect on the tendency for galling and thus its content must also 
be ,ow. Nitrogen, however, has no deleterious effect on gall.ng and. 
mcreover. in the presence of chromium, improves resistance to corrosron. 
However, the quantity of nitrogen which can be retained in a stee, on 
freezing is iimited unices there is sufficient appropriate aiioying of the current 
rype While chromium promotes solubility in proportion to its content 
chromium alloying a,one is insufficient and it has to be supplemented w„h 
m anganese. M anganese.however.adverse,yef.ec,sresis,ancetocorros,on. 

A very careful balance of alloying is therefore necessary if the 
required downhole property balance of the steel is to be achieved. 

As mentioned previously, of the desired properties, low magnetic 
permeability is paramount and the alloying balance must be 
structure is both free from delta ferrite and will not be destab.i.sed by 
deformation. A number of methods have been proposed by wHch the 
structure of a steel may be predicted from its composition. These 
involved separating the elements into those which act similarly to chromrum 
and those similarly chromium and those similarly to nickel. Each was 
allocated an equivalence factor and by means of these the total chromrum 
equivalence and nickel equivalence are calculated. The interceptor of these 
,wo values on a diagram is reported to show structure including some 
indication of the proportions of phases in a multi-phase case. The diagrams 
are used with some success within certain composition ranges but have 
proved less successful elsewhere. One obvious inaccuracy is that the same 
equiva,encevaluesareusedwhe,herausteni«e-fer,i.eboundarieso,aus,en,te 

martensite boundaries are being predicted, which cannot be the case. For 
,ne present invention the factors used for the two aspects are not 
necessarily the same as published and the approach has been 
using a simpie equation to predict whether or not ferrite is present and the 
sum o, factors to indicate a suitable austenite stability. I. - no, bel.eved 
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that the various factors used will necessari.y apply to other alloy mixes other 
than the range relevant to this invention. 

Applicants has established that an excellent downhole property 
balance is achieved with high strength corrosion resistant steels having the 
following composition by weight:- 



Carbon Up to 0.05% 

Silicon Up to 1.0% 

Manganese 10 to 20% 

Chromium 13.5 to 18% 

Nickel 1.0 to 7.0% 

Molybdenum 1 .0 to 4.0% 

Nitrogen o.2 to 0.4% 

In addition, it is preferred that the balance of composition conforms 
with the following:- 



Witn Nickel equiv alents 151 

Chromium equivalence minus 14 

Where chromium equivalence =% chromium + 1.5 x% silicon + 
% molybdenum + 0.12 x % manganese and nickel equivalence = % nickel 
+ 30 x % carbon + 20 x % nitrogen and also with nickel equivalence + 
chromium equivalence >35. 

Where chromium equivalence = % chromium + 1 .5 x % silicon + 
/o molybdenum and nickel equivalence = % nickel + 0.5 x % carbon + 30 
% nitrogen. 

All the above values are pereeota 9 es by weight with the balance 
essentially iron. „ is ,„ 5e underst00d ^ 

-ne.den.a.ly present in austenitic stainless steels may be present within the 
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,-, mi ts set for such steels in BS970 Part 1. 
compositions are as follows. 



Preferred 



Carbon 

Silicon 

Manganese 

Chromium 

Nickel 

Molybdenum 
Nitrogen 



.05% maximum 
1 .0% maximum 
12.0 to 16.0% 
14.0 to 16.0% 
1.0 to 5.0% 
1.7 to 3.0% 
.20 to .40% 



Preferred and more preferred 

^»rp Preferred 

.035% maximum 
.50% 

13.0 to 15.0% 
15.0 to 16.0% 
2.0 to 2.75% 
2.0 to 2.5% 
.30 to .40% 



, t „ „ be understood the. the e.ements normally present as 
jnc iden,a,s In stainless steels may a,so be present in the ouantnies norm* 
accepted in international standards. 

One example of a steel oomposition in aooordance w„h the 
invention is: 



C 

0.031 



Si 

0.50 



Mn 
14.86 



Cr Ni Mo N 

15.06 2.46 2.02 0.30 



This steel was forged to form 1 0 metre length bars of 1 80 mm and 
130 mm diameter ov a norma, production technic including hot ^ org,ng 
and warm straining. The mechanical properties taken from pos.t.ons 
accordance with API 7 Section 6 were: 



0.2% Proof Stress 
U.T.S. 
Elongation 
Reduction of Area 
Charpy 'V (20°) 



118.9 ksi { MPa) 
139.9 KSI ( MPa) 
37% 
68% 

156, 164. 167 Joules 
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Magnetic permeability was 1 .002 and uniformity of this property 
was confirmed by measuring the changing magnetic flux along the bar when 
subjected to a magnetic force of 200 oersteds. Maximum deviation was 
found to be less than 0.05 micro tesla over the whole bar length. 

Resistance to galling was demonstrated by use of the button-on- 
block technique described in ASTM G98. This involves rotating separate 
cylindrical samples under pressure on blocks of similar material. Increasing 
pressures being used until galling is seen. Results are compared with those 
for steels A to B and C in Table 1 below. 



TABLE 1 

Pressure, ksi Steel A 



3.5 

6.5 

9.5 

10 

12 

14 

15 

17.5 

20 

25 

30 

32.5 

35 

36.25 
37.5 
40 
42.5 



Not Galled 
Not Galled 
Not Galled 
Not galled 
Not galled 
Galled 



Steel B 



Not galled 
Not galled 
Not galled 
Galled 
Galled 
Galled 



Steel C 



Not galled 
Not galled 
Not galled 
Not galled 
Not galled 
Galled 
Galled 



Steel of the 
present 
Invention 



Not galled 
Not galled 
Not galled 
Not galled 
Not galled 
Not galled 
Not galled 
Not galled 
Not galled 
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It will be seen from this Table that steel B galled at around 10 ksi, steel 
A at around 20 ksi and steel C at around 36.25. The steel sample in 
accordance with the invention had not galled at the highest recorded 
pressure, namely 42.5 ksi. 

Corrosion resistance was demonstrated by two accelerated laboratory 
tests The corrodent chosen was a 20% solution of sodium chloride at 
50°C open to atmosphere. The test sample was a small cylinder and this 
was embedded in a layer of fine sand to simulate severe crevice conditions. 
The sample was connected via an ammeter to an electrode either of copper 
or of type 304 stainless steel; the electrode surface area was 1 50 sq cms. 
The current flow provided an indication of the corrosion occurring. To 
accelerate the test there was an initial period when the test sample was 
polarised anodically at a high current to ensure that corrosion had started 
and was proceeding at a high rate. After stopping polarisation, the current 
flow was monitored until a steady value was obtained and this was noted. 
Values for static and flowing solutions were taken. These are tabulated in 
Table 2 below:- 

TABLE 2 



Steel A 

Steel C 

Steel of the 

present 

invention 



Copper Electrode 



Static 
mA 
4.9 
4.4 

0.33 



Flowing 
mA 
6.4 
6.8 

0.15 



304 Electrode 
Static Flowing 
mA mA 

2.1 2.7 

2.2 3.4 



0.50 



0.79 



The test with the stainless steel electrode simulated severe crevice 
conditions and that with the copper electrode the added effect of galvanic 
stimulation. It will be seen from Table 2 that the steel sample of the present 
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invention exhibited substantially enhanced corrosion resistance. 

The tests conducted demonstrated that steels in accordance with the 
present invention exhibit a property balance for strength, magnetic 
permeability, galling resistance and corrosion resistance superior in every 
respect to presently available high strength corrosion resistant steels. 

It will be appreciated that the foregoing is merely exemplary of non- 
magnetic corrosion resistant high strength steels and non-magnetic 
components produced therefrom in accordance with the invention and that 
various modifications can be made thereto without departing from the true 
scope of the invention. 
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CLAIMS 

1 . A non-magnetic corrosion resistant high strength steel whose composi- 
tion by weight % includes:- 

Carbon, up to 0.05% 

Silicon, up to 1.0% 

Manganese, from 10.0 to 20.0% 

Chromium, from 13.5 to 18.0% 

Nickel, from 1.0 to 4.0% 

Molybdenum, from 1 .5 to 3.5% 
Nitrogen, from 0.2 to 0.4% 

2. A non-magnetic corrosion and galling resistant high strength steel 
whose composition by weight includes 

Carbon up to 0.2% 

Silicon up to 1 .0% 

Manganese from 10.0 to 20.0% 

Chromium from 13.5 to 18.0% 

Nickel from 1.0 to 7.0% 

Molybdenum from 1 .5 to 4.0%; and 

Nitrogen from 0.2 to 0.4%, 
the composition satisfying the formulae:- 

(i) MirkPl equivalence >1.51 
Chromium equivalence minus 14 

and 

(ii) Nickel equivalence + chromium equivalence >35 

3. A steel as claimed in claim 1 or claim 2 whose composition by weight 
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* is carbon up ,o 0.55%, silicon up t0 , % _ ma „ ganese Ja ^ 
chromium ,4,o ,6%. nickel 1 .Oto 5%, molybdenum 1.7,o 3.0% and 
nitrogen. 0.2 ,o 0.40%, balance iron and incidental impurities. 

4. A steal as olaimad in o.aim , or claim 2 whose composition by weigh, 
* m carbon up ,o 0.035%, silicon up to 0.5%, manganese ,3 to 
5.0 ^chromium ,5 to ,6%, nickel 2.0 to 2.75%. molybdenum 2.0 
to 2.5% and nitrogen 0.30 ,o 0.40%, balance iron and incidental 
impurities. 

5. A steel as claimed in any one of claims 1 to 4 wherein the balance of 
the composition conforms with the following equation.- 
Mi eQuivalfinro > 1 51 

Cr equivalence - 14 

when Cr equivalence = %Cr + i 5% <?i x o/m 

/°<~r + ko/o Sl + o /oMo + o 12 o/ 0 Mn 

and 

Ni equivalence = o /oNi + 3Q%C + 2Q% n 

3- A steel as claimed in claim 5 wherein the balance of the composition 
conforms with the following equations : 

Cr equivalence = Cr + i. B % Si + % Mo + 0.12% Mn 
and 

Ni equivalence = o/ oNi + 20% Q + 2Q% ^ 
and 

Ni equivalence + Cr equivalence > 35. 

where Cr equivalence = % Cr + 1. 5 o/ 0 Si + o /oMo . and 

N. equivalence = % Ni + 0. 5 o/ 0 M n + 30 o/o C + 3 0 o/ 0 N . 

A non-magnetic component for use in directiona, drilling produced from 
a h,gh strength corrosion resistant steel of composition as claimed in 
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any one of claims 1 to 6. 



A drill collar produced from a high strength corrosion resistant corrosion 
resistant steel as claimed in any one of claims 1 to 6. 

A non-magnetic corrosion resistant steel substantially as herein 
described. 
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